Down-core variations of granulometric, geochemical and mineral magnetism of a 70-cm long sediment core retrieved from the eastern Bay of Bengal abyssal region were studied to understand sedimentation pattern and sediment provenance during the last ∼ 12 kyr BP. Based on down-core physical and elemental variations, three units were identified: unit 3 (70-43 cm) is a ∼ 30 cm thick clayey silt organic carbon-rich (0.5-0.92%) turbidite probably delivered by the Brahmaputra River during the late Quaternary period. Units 2 (43-24 cm) and 1 (24-0 cm) represent enhanced and reduced supply of coarse-grained detrital sediments from the Ganges River during early and late Holocene period, respectively. Increased terrigenous supply dilutes calcium carbonate (CaCO 3 ) and biogenic elements (P, Ba and Cu) in units 3 and 2. On the contrary, a reduction in detrital input enhances CaCO 3 and biogenic elements in unit 1. Lithogenic elements (Ti, Al, K and Rb) and shale-normalized REE patterns in all three units suggest terrigenous source. The shift in provenance from the Brahmaputra to the Ganges derived sediments is evident by a sharp increase in sediment grain size, increased concentration and grain size assemblages of magnetic minerals, lithogenic elements concentration and La n /Yb n ratio. This study highlights terrigenous dilution on biogenic sedimentation in the eastern Bay of Bengal sediments.
Introduction
The Bay of Bengal receives large quantities of fresh water from the adjacent coastal mountain rivers (1.6 × 10 12 m 3 yr −1 ; Subramanian 1993) and over 1350 million tonnes of suspended sediment every year (Milliman and Meade 1983; Subramanian 1985) . The lithogenic sediments in the Bay of Bengal derived from erosion of the Himalayan and Indo-Burman ranges holds a key in understanding monsoon variations, weathering patterns, river run-off and sediment provenance. In the Bay of Bengal, the sediments are mainly derived from:
• Ganges-Brahmaputra Rivers,
• Irrawaddy River, and • Western part of the Indo-Burman ranges (Colin et al 1999) .
Several major rivers supply lithogenic material to eastern part of the Bay of Bengal. The distal Bengal Fan receives sediment mainly by turbidites (Coleman 1969; Stow et al 1990) . The redox sensitive elements re-organize and concentrate at the oxidation fronts (oxic/weakly reducing) when an organic-rich turbidite emplaces in the abyssal regions overlain by oxygenated water column. Physical and inorganic geochemical methods are adopted generally to distinguish the terrigenous signature from biogenic sedimentation and to discern sediment provenance. The aim of the present study is to distinguish the terrigenous and biogenic sediments, to understand the influence of terrigenous dilution and/or productivity on the calcium carbonate (CaCO 3 ) and biogenic elements (P, Ba and Cu), to identify paleoxidation fronts and the provenance of terrigenous sediments with time. Due to limited 14 C derived ages, the down-core variations of terrigenous and biogenic elements were discussed on a broader time scale.
Study area
The Bay of Bengal is a part of the northern tropical Indian Ocean and is characterized by seasonally reversing monsoonal wind forcing and associated reversal in surface circulation. In the Bay of Bengal, the reversal in coastal circulation is due to the interplay between local and remote forcing (Shankar et al 2002 and references therein) . A strong seasonal anticyclonic western boundary current forms in the Bay of Bengal during January, is best developed during March-April and decays by June (Shetye et al 1993; Babu et al 2003) . During the summer monsoon, the circulation reverses and northward current prevails along the coast (Shetye et al 1991) . Weak and localized coastal upwelling was observed during the summer monsoon in the western Bay of Bengal (Shetye et al 1991) . Strong southwest wind during the summer brings maximum rainfall over most parts of the Indian subcontinent whereas the NE wind during winter brings heavy rains to southeastern part of India (Ramage 1971) . On an average, the annual rainfall over the Bay of Bengal exceeds ∼ 2 m (Prasad 1997) . A strong halocline (Prasanna Kumar et al 2002) in the Bay of Bengal lowers productivity compared to the Arabian Sea (Madhupratap et al 2003) .
The productivity in western coastal and open ocean stations in the Bay of Bengal during summer monsoon ranges between 40 and 502 mg C m −2 d −1 and 89 and 221 mg C m −2 d −1 , respectively (Madhupratap et al 2003) . Low productivity values during summer monsoon are due to upper low saline waters which inhibits introduction of nutrients from below (Prasanna Kumar et al 2002) . Eddy pumping is a possible mechanism for vertical transfer of nutrients and enhanced productivity during summer by a factor of 2 to 8 compared to non-eddy regions in the Bay of Bengal (Prasanna Kumar et al 2004) .
Material and methods
A 70 cm long sediment gravity core was recovered (lat. 11
• 00.44 N and long. 91
• 20.10 E, water depth 3417 m) during ORV Sagar Kanya cruise 218 (SK 218/EEZ 12; figure 1) from the eastern Bay of Bengal. After sub-sampling at 1 cm interval, the samples were oven dried at 60
• C, powdered and homogenized by using agate ball mill. Inorganic carbon (IC) measurements were carried out after acidification of the sample with 1N HCl and measured the CO 2 by UIC CM 5014 coulometer. Total carbon (TC) and nitrogen were measured with a CE NCS 2500 elemental analyzer. The analytical accuracy and precision for total and inorganic carbon were better than ±5%. Total organic carbon (TOC) was calculated as the difference between TC and IC. Sediment grain size measurements were carried out using the Malvern laser particle size analyzer (Master-Sizer 2000) after removing carbonate and organic carbon. The 14 C measurements were done by accelerator mass spectrometry (AMS), using the NEC 3MV 9SDH-2 pelletron accelerator at the Institute of Physics, Bhubaneswar (Ravi Prasad et al 2008) . For 14 C analyses, about 20 mg of adult (250-450 μ) surface dwelling foraminifer species were separated from the sediments, etched for 10 s in an aqueous solution of 0.1% HCl and 10% H 2 O 2 solution, and hydrolysed in vacuum with concentrated H 3 PO 4 . The liberated CO 2 was purified in a vacuum line, and converted into graphite by reducing with ultrapure hydrogen (H 2 ) gas in the presence of an iron (Fe) catalyst (Vogel et al 1984) . All 14 C-ages were normalized with uniform δ 13 C of +1.5 . The 14 C-ages of these marine samples were calibrated with Calib 5.1 calibration program using Marine04 dataset (Hughen et al 2004) . For calibration, Δ-R correction value of 16 ± 8 years was assumed for the core location in the eastern Bay of Bengal near Andaman and Nicobar Islands (Dutta et al 2001; Southon et al 2002) . The AMS derived 14 C dates are provided in table 1. The calibrated ages are used for discussion.
Major and trace element analyses
The powdered sediment samples were digested in teflon beakers with a mixture of HF, HClO 4 and HNO 3 . Major and minor elements were analyzed by Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES). The analytical precision with respect to the international reference materials (MAG-1 and SCo-1) for major and minor elements was better than 5 and 10%, respectively. Rare earth elements (REE) and few trace element analysis were carried out using a Perkin Elmer Elan DRC II Inductively Coupled Plasma-Mass Specrtometer (ICP-MS) following the procedure of Balaram and Rao (2003) . The analytical accuracy of REE and trace elements was ±1% and ±5%, respectively compared to MAG-1.
Environmental magnetic mineral measurements
In order to characterize the mineralogy and grain size of the magnetic phases present in the sediment core, a range of mass specific mineral (rock) magnetic measurements were carried out following the procedure of Basavaiah and Khadkikar (2004) . The measurements include low-frequency (0.47 kHz) and high-frequency (4.7 kHz) magnetic susceptibility (χ), anhysteretic remanent magnetization (ARM) acquired in a d.c. field of 0.05 mT with a peak a.c. field of 100 mT and isothermal remanent magnetization (IRM) imparted in a 1 T (= SIRM). Immediately after growth and measurement of SIRM, the sample was placed in a series of increasing back-fields of 20, 30, 40, 60, 100 and 300 mT and its IRM was measured. These were measured using a Bartington dual frequency sensor, Molspin AF demagnetizer, Molspin pulse magnetizer and a Molspin spinner magnetometer at the Environmental Magnetism Laboratory, (Navi) Mumbai. Various quotients of rock magnetic parameters were calculated in an attempt to estimate grain size and mineralogy of magnetic components. χ FD % calculated using χ LF and χ HF with the formula χ FD % = (χ LF − χ HF )/χ LF * 100 (Mullins and Tite 1973) , represents the concentration of the superparamagnetic (SP) mineral fraction in a sample. 
Results
Based on down-core profiles of sediment grain size, magnetic studies and elemental variations, the core was broadly divided into three units: unit 3 (70-43 cm) represents a clayey-silt organic rich turbidite, unit 2 (43-24 cm) consists of coarse-grained terrigenous sediments whereas biogenic sediments dominate unit 1 (24-0 cm). Based on age ( 14 C AMS) vs. depth it was observed that units 3 and 2 have higher sedimentation rates (7.8 cm/ka) than unit 1 (5.5 cm/ka). The average sedimentation rate for unit 3 was calculated for 60-43 cm interval as 14 C AMS dates were not carried out after 60 cm.
A high sand content (34%) at the core bottom (unit 3) was followed by an increase in silt (42-59%) and clay (38-42%; figure 2). Highest percentage of sand (38%) was observed in the middle of unit 2. The percentage of sand shows a marginal decrease in unit 1 and a minor increase towards core top (figure 2). The lithogenic elements (Fe, Ti, Al, K and Rb) show highest concentrations in unit 3, decrease in unit 2 and a marginal decrease but near uniform concentrations in unit 1 (figure 3). On the other hand, the CaCO 3 and biogenic elements concentration were low in unit 3, an increasing trend in unit 2 and reach maximum but near uniform values in unit 1 (figure 4). TOC temporal variation closely follows the sediment texture being low in the sand and silt layer (0.17-0.50%) and high in the clay layer (0.27-0.92%; figure 4) of unit 3. The sandy sediments in unit 2 contain the lowest TOC concentrations (0.32-0.36%). The redox sensitive elements (Fe, V and U) show sharp, narrow and broad peaks between 51 and 55 cm in unit 3 (figure 5).
Detrital magnetic mineral concentration parameters χ LF , χ ARM , SIRM, Soft IRM and HIRM generally display:
• relatively low values in unit 3 reaching lowest values between 53 and 55 cm; • a gradual increase from the base of unit 2 followed by sharp increase towards top of this unit; and • near constant values in unit 1 (figure 6).
The concentration independent χ FD % show low values at the bottom of unit 3 but shows a sharp decrease at 55 cm coinciding with χ LF . This decrease was accompanied by slight increase in the remaining part of unit 3 along with χ ARM /χ LF and χ ARM /SIRM. The magnetic grain size parameters such as χ ARM /χ LF and χ ARM /SIRM show a significant decrease in unit 2 but near constant in unit 1. In contrast to uniform Soft IRM and HIRM in units 3 and 1, unit 2 shows a gradual increase from the base to a sharp rise to the top of the unit. S-ratio shows a sharp decrease at 55 cm.
Total REE (ΣREE) concentration ranges between 140 and 192 ppm with an average of 156 ± 12 ppm (figure 7a). Average ΣREE content was relatively higher in unit 3 (166 ppm) compared to units 2 and 1 (153 and 148 ppm; figure 7b). The La n /Yb n ratio was relatively high in unit 3 (1.0-1.3) but low and uniform (∼ 1) in units 2 and 1. Shale-normalized REE patterns in all the units show a small but a distinct positive Eu-anomaly (figure 7c).
Discussion
The sediment colour variation from gray (70-43 cm) to brownish (40-0 cm) suggest change in sedimentation pattern and their provenance. The sediment grain size as well as magnetic grain size, magnetic mineralogy and elemental variations are used to distinguish the terrigenous from biogenic sediments and in identifying the sediment provenance. An inverse trend between terrigenous and biogenic sediments highlights terrigenous dilution on biogenic element variations. Although the sediment texture as well as magnetic grain size in unit 2 confirms the presence of coarse size sediments, the lithogenic elements surprisingly show a decreasing trend.
Turbidite sedimentation and paleoxidation fronts in unit 3
Gradual decrease in grain size towards top of unit 3 (figure 2) indicate the possibility of a turbidite. The thickness of this turbidite corresponds with light gray silt and silt-mud turbidites (Facies 1) of Stow et al (1990) . High concentration of lithogenic elements corroborates the enhanced supply of terrigenous material diluting CaCO 3 and biogenic elements. Dissolution of carbonate is ruled out as the core is retrieved from relatively shallower depths relative to the deeper carbonate compensation depth (CCD) at these latitudes (5000 m, Kolla and Kidd 1982) . The lithogenic elements concentration in this unit broadly corresponds with the Brahmaputra River sediments (table 2; Datta and Subramanian 1998). High Fe, K and Rb are due to the presence of chlorite and feldspars in the Brahmaputra bed load and suspended sediments (Subramanian 1979; Subramanian et al 1987) . Both Fe and Al show correspondence with fine grain size suggesting enhanced adsorption due to greater surface area of fine size material (figures 2 and 5). Low TOC (< 0.50%) in the sand and silt layer is due to oxidation of organic matter whereas the absorption of TOC to clay enriches TOC in fine size sediments. The relation between TOC and grain size is in concert with Galy and France-Lanord (2001) who have also noted a similar co-variation of TOC with size and mineralogy in the Bay of Bengal sediments.
χ LF , ARM, SIRM, low-field remanence (Soft IRM = SIRM − IRM −30 mT ) and high-field remanence (HIRM = SIRM − IRM −300 mT ) measure the concentration of magnetic materials. Soft IRM provides information on the concentration of lowcoercivity ferromagnetic minerals dominating the magnetic mineralogy such as magnetites and titanomagnetites and HIRM indicates the relative concentration of high-coercivity antiferromagnetic minerals such as hematite and goethite. Anhysteretic susceptibility (χ ARM ) and the normalized ratios χ ARM /χ LF and χ ARM /SIRM could be interpreted as reflecting changes in the grain size of the ferrimagnetic fraction (King et al 1982) . Higher values represent finer-grained magnetic minerals. The low magnetic mineral concentration between 53 and 55 cm is reflected in the decreasing trend of χ LF and χ ARM which may probably demonstrate dissolution of magnetic minerals due to reductive diagenesis (figure 6). The decreasing trend of χ FD % and χ ARM further denotes low concentration of ultrafine SP and single domain (SD) minerals and reinforces magnetic mineral dissolution. The sharp decline in S-ratio corroborates dissolution of ferrimagnetic minerals, more susceptible for reductive diagenesis, during organic matter oxidation. The presence of fine size ferrimagnetic minerals as revealed from χ FD %, χ ARM /SIRM, χ ARM /χ LF substantiates dissolution of magnetic minerals. Sahota et al (1995) have also reported low concentration of magnetic minerals and a sharp decrease in S-ratios due to reductive diagenesis at the paleoxidation fronts in the Maderia Abyssal Plain sediments. Relatively low values of Soft IRM and HIRM in this unit may also be related with the dissolution of soft and hard coercivity components (figure 6).
The sharp and broad peaks of V and U between 53 and 55 cm (figure 5) occur at a depth that is not associated with any textural change. These peaks are formed due to elemental mobilization during downward movement of oxidation front when an organic-rich turbidite layer emplaces in oxygenated water column. The sharp V peak is contained in a < 4 cm interval against a high detrital V background (130 ppm; Wedepohl 1991). V concentration in the sea water is relatively high (1.8-2.3 ppb; 1984; Jeandel et al 1987) . It appears that V diffusion from the water column and uptake to the solid phase under reducing conditions is a cause for augmentation of V below the oxidation front. The broad U peak unlike V can be traceable even at a coarser sampling interval (figure 5). Subramanian et al (1985) .
Uranium is conservative in sea water due to the formation of stable and soluble U (VI) uranyl carbonate (Langmuir 1978) . Under suboxic conditions, dissolved U is drawn into the sediments along a concentration gradient reduce to lower valency and precipitates to an insoluble phase U (IV) at about the depth of Fe remobilization or below (Barnes and Cochran 1991; Klinkhammer and Palmer 1991; Crusius et al 1996) .
Increased terrigenous sedimentation in unit 2
The high percentage of sand infers the presence of re-suspended shelf material and the possibility of a turbidite. But the decreasing trend of lithogenic elements was surprising. The immobile elements such as Al, Fe, Ti, Th, Sc, Co, Zr and the REEs are usually concentrated in fine grained sediments as their host minerals occur in that size range. Dilution by coarse size sediments was responsible for the decreasing trend of size controlled lithogenic elements. The lithogenic elements concentrations nearly match with the average elemental content of the lower, middle and upper Ganges River sediments (Datta and Subramanian 1998 ; table 2) suggesting a shift in the provenance from the Brahmaputra in unit 3 to the Ganges River in units 2 and 1. Mineral magnetic properties provide additional supporting evidence for the presence of coarse detrital sediments. Increasing trends of χ LF , χ ARM , SIRM, Soft IRM and HIRM accompanied by decreased values of χ ARM /SIRM and χ ARM /χ LF corroborate increase in titanomagnetite and hematite proportion and their coarser grain size. Potential sources for titanomagnetite, the major magnetic component, could be either the Deccan basalts from western Bay of Bengal or the Sylhet basalt in the catchment area of Ganges River system. The contribution of titano magnetite from peninsular India appears unlikely as it cannot be transported as bed load across the Bay for hundreds of kilometers having physiographic modulation of about 100 m. Moreover, anticyclonic poleward current during the summer monsoon and cyclonic currents during rest of the year advect the peninsular riverine material towards northward and southward (Shetye et al 1991 (Shetye et al , 1993 Varkey et al 1996) and do not favour cross shelf transport. The Himalayan source for the titanomagnetite was in concert with Colin et al (1998) . An increase in Soft IRM and HIRM by a factor of two in unit 2 compared to units 3 and 1 suggests the presence of low and high coercivity minerals such as titanomagnetite and hematite, respectively. The hematite might be produced by the low temperature oxidation of titanomagnetite under dry conditions.
The productivity in the northern Indian Ocean was high during early Holocene due to intensification of summer monsoon (Schulz et al 1998; Neff et al 2001; Fleitmann et al 2003; Rashid et al 2007) . Goodbred and Kuehl (2000) have estimated a two-fold increase in the Ganges and Brahmputra River derived terrigenous load to the Bay of Bengal due to stronger monsoon than present. The monsoon induced high sediment flux due to mass wasting might have supplied coarse size sediments diluting CaCO 3 and biogenic elements. Despite terrigenous dilution, the biogenic elements maintain an increasing trend portraying enhanced productivity. Organic carbon does not show any correspondence with CaCO 3 and biogenic elements variation (figure 4). The coarse grain size material probably limits TOC sorption to grain surfaces as suggested by Hedges and Keil (1995) .
Increased biogenic sedimentation in unit 1
A relative reduction in sedimentation rate and terrigenous supply is supported by a decrease in sand content, χ LF , χ ARM and SIRM due to less intense monsoon. Decrease in terrigenous sedimentation is responsible for high CaCO 3 and biogenic elements content. As a matter of fact the productivity was low during late Holocene due to weaker monsoon compared to early Holocene (Schulz et al 1998; Neff et al 2001; Fleitmann et al 2003; Rashid et al 2007) . Further the terrigenous delivery controlling the biogenic elemental down-core variations is corroborated when near core top section (0-10 cm) is examined. A minor increase in sand content and magnetic grain size is accompanied by a marginal decrease in biogenic elements concentration inferring dilution.
Rare-earth elements
Slightly lower ΣREE content 156 ± 12 ppm (figure 7a) compared to average shale (173 ppm; Taylor and McLennan 1985) suggests REE dilution by varying carbonate fraction. The high ΣREE content and La n /Yb n ratio in unit 3 (∼ 1-1.3) suggests an additional supply of REE. The high La n /Yb n ratio in unit 3 and decrease of this ratio in units 2 and 1 (∼ 1) suggest change in the source of lithogenic material (figure 7b). The high La n /Yb n ratio in unit 3 and low in 2 and 1 units matches with the ratios of the Brahmaputra and its tributaries and the Ganges River derived sediments, respectively (Ramesh et al 2000) . The flat shale-normalized REE pattern of sediments in all the three units reflects their terrigenous origin (Piper 1974) . Further shale-normalized REE patterns in all the units shows a small but distinct Eu-anomaly (figure 7c). The Europium anomaly could be due to the presence of hydrothermal, aeolian and sodium feldspar (Elderfield 1988; Murray et al 1991; Pattan and Higgs 1995) . Since the core is located west of the Andaman Islands close to the trench, any hydrothermal input is remote. It is suspected that the presence of Eu-anomaly could be due to the presence of sodium feldspar derived from submarine weathering.
Conclusions
A sediment core retrieved from the eastern Bay of Bengal abyssal region was studied to understand the influence of terrigenous sedimentation on biogenic sediments and provenance of lithogenic sediments. The Brahmaputra River derived organic-rich silt and silt-mud turbidite dilutes carbonate and biogenic elements at bottom section of the core (unit 3) during the late Quaternary period. The occurrence of paleoxidation fronts based on the enrichment of redox sensitive elements (Fe, V and U) was identified probably for the first time in the Bay of Bengal. Dilution from the Ganges River derived coarser size sediment dilute the carbonate and biogenic elements concentration during early Holocene (unit 2) despite high productivity. However, enhanced productivity trend was maintained. A relative reduction in the Ganges River sediments due to less intense monsoon has enhanced carbonate content and biogenic elemental concentrations in spite of low productivity during late Holocene (unit 1). This study highlights the need to consider terrigenous dilution before explaining biogenic sedimentation in terms of productivity variations in the Bay of Bengal sediments.
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